Absence of stimulation of poly(ADPmribose) polymerase activity in patients predisposed to colon cancer L Crist6vdo1, MC Lechner2, P Fidalgo3, CN Leitao3, FC Mira3 and J Rueff1 'Department of Genetics, Faculty of Medical Sciences, New University of Lisbon, Rua da Junqueira, 96, P-1300 Lisbon, Portugal; 2Gulbenkian Institute of Sciences, Laboratory of Biochemistry, Oeiras, Rua da Quinta Grande, Apartado 14, P-2781 Oeiras, Portugal; 3Portuguese Institute of Oncology, Service of Gastroenterology, Rua Prof. Lima Basto P-1070 Lisbon, Portugal Summary Poly(ADP-ribose)polymerase (PARP) has been implicated in DNA repair mechanisms and the associated activity shown to markedly increase after DNA damage in carcinogen-treated cells. A defective DNA repair has been associated to the aetiology of human cancers. In order to assess the potential role of this enzyme in cellular response to DNA damage by y-radiation, we studied the activity of PARP in patients with familial adenomatous polyposis (FAP). We compared poly(ADP-ribose)polymerase activity by the rate of incorporation of radioactivity from [3H]adenine-NAD+ into acid-insoluble material in permeabilized leucocytes from FAP patients and healthy volunteers. Concomitantly, the intracellular levels of NAD+ -the substrate for the PARP -and the reduced counterpart NADH were determined using an enzymatic cycling assay 30 min after [60Co] y-ray cells irradiation. Our results demonstrate that a marked stimulation of PARP activity is produced upon radiation of the cells from healthy subjects but not in the FAP leucocytes, which concomitantly show a marked decrease in total NAD+/NADH content. Our observations point to a role of PARP in the repair of the y-radiation-induced DNA lesions through a mechanism that is impaired in the cells from FAP patients genetically predisposed to colon cancer. The differences observed in PARP activation by yradiation in patients and healthy individuals could reflect the importance of PARP activity dependent on treatment with y-rays. The absence of this response in FAP patients would seem to suggest a possible defect in the role of PARP in radiation-induced DNA repair in this cancerprone disease.
Poly(ADP-ribose)polymerase (PARP, EC 2.4.2.30) is a chromatinassociated enzyme that catalyses the transfer of the ADP-ribosyl moiety from NAD+ into various acceptor proteins (Chambon et al, 1966; Nishizuka et al, 1968) . Among these are nucleosomal core histones, histone HI, HMG proteins, topoisomerases I and II and PARP itself (Braz and Lechner, 1986; Althaus, 1987) . The catalytic activity of PARP is strongly dependent on the presence of DNA strand breaks, which represent the sites for the enzyme recognition (Gradwohl et al, 1990; Ikejima et al, 1990; Molinete et al, 1993; Burkle et al, 1994; Panzeter et al, 1994) . The stimulation of PARP by reactive oxygen species has been demonstrated Heller et al, 1995; Crist6vao and Rueff, 1996) .
The precise role of PARP in DNA repair mechanisms is not completely understood at a molecular level. It has been demonstrated that a variety of DNA-damaging agents cause a marked decrease in cellular NAD levels (Dukacz et al, 1980) . In addition, PARP has been postulated to provide transient protection for the DNA breaks during the initial stage of the recombination and repair processes (Satoh and Lindahl, 1992) . Poly(ADP-ribose) seems to act as a main anti-recombinant agent (Lindahl et al, 1995a) and its synthesis in the vicinity of a DNA strand break may prevent homologous recombinations of tandem repeats . Recent data, however, show that PARP does also play a role in BER (base excision repair) through interaction with XRCC1 (X-rays cross complementing-1), which acts with DNA ligase III and DNA polymerase f in the BER pathway (de Murcia et al, 1997) .
Defects in the repair of eukaryotic DNA have been associated with various human diseases, namely those predisposing to cancer (for review, Sancar, 1995) . The defect in Fanconi's anaemia has been associated to an impaired ADP-ribosylation (Schweiger et al, 1987) , although no abnormality could be detected in another study (Flick et al, 1992) . More recently PARP gene expression was studied and demonstrated to be associated to genetic instability in human breast cancer (Bieche et al, 1996) .
The activity of PARP was shown to positively correlate with species-specific life span of mammals (Burkle et al, 1994) . It is known that telomeres shorten with age and this may influence genetic instability (Murnane, 1996) , although the potential role of PARP activity in these phenomena remains to be elucidated.
As the initiation step in carcinogenesis is a DNA-damaging process leading to a mutational event, a possible approach to help in unravelling the role of PARP in humans is the study of human genetic conditions predisposing to cancer. Familial adenomatous polyposis (FAP) associated with mutant APC alleles (adenomatous polyposis coli gene, 5q21-22) is one such candidate condition. FAP is an autosomal dominant disorder with high penetrance and variable expression. FAP patients develop multiple polyps in the colon and rectum, some of which become malignant unless the affected bowel is removed. In previous studies, this disease did not reveal any difference in the distribution of chromosome aberrations induced by different doses of ionizing radiation as well as for the cell kinetics, mitotic index and induction of DNA breaks (Crist6vao et al, 1993; Bras et al, 1995) . These data, however, do not allow the ruling out of a possible defect in any underlying mechanism involved in the response to ionizing radiation or other DNA-damaging agents. PARP activation is such a candidate mechanism.
In the present study we evaluate the activity of PARP in irradiated and non-irradiated leucocytes from healthy volunteers and from FAP patients genetically predisposed to colon cancer and demonstrate that PARP activation is impaired in FAP cells.
MATERIALS AND METHODS Subjects
Thirteen FAP patients (age 22-50 years) from eight unrelated families included in the registry of hereditary colorectal cancer at the Portuguese Institute of Oncology (Lisbon) gave informed consent to participate. Diagnosis was based on the presence of more than 100 adenomatous polyps in the large bowel. Genetic studies were performed in the FAP families using intragenic restriction fragment-length polymorphisms (RFLPs) , and (CA), flanking to APC gene markers by fluorescence-based semiautomated DNA analysis was performed in our laboratory (Almeida et al, 1996a and b) . Thirteen FAP patients were studied. None of the 13 patients had undergone cancer. Four of the 13 patients were already submitted to total proctocolectomy, and for one of them a diagnosis of previous colorectal cancer was established. Three of the 13 patients had extracolonic manifestations, namely desmoid tumours and upper gastric polyps. Vitamin supplements consumed in the previous month were an exclusion criteria. Eleven age-and sex-matched donors were invited to participate as healthy controls (age 28-58 years), having the same type of western diet as the FAP patients under study.
Cells and treatment
Blood samples from the healthy volunteers and the FAP patients were obtained by sterile venipuncture using the sodium salt of ethylenediaminetetraacetic acid (EDTA) as anticoagulant. To assess the effect of y-radiation, the blood was given a dose of 2 Gy at a dose rate of 80-125 cGy min-', using a [60Co] Gammatron source (Atomic Energy of Canada). We used 5 mM 3-aminobenzamide (3AB) as an inhibitor of PARP. The addition of 3AB was done 30 min before irradiation of the blood samples. After the respective treatment the human peripheral leucocytes were prepared for the assays. The contaminating erythrocytes were lysed in 0.87% ammonium chloride and 10 mM Tris-HCI, pH 7.2, for 20 min in ice. The cells were washed and resuspended in phosphate-buffered saline (PBS) pH 7.2 or saline according to the assay to be performed, i.e. NAD estimation or PARP assay respectively. Cell number was estimated by microscopic examination using a Neubauer slide.
NAD estimation NAD+ and NADH were extracted with acid and with alkali, respectively, according to the method of Gille et al (1989) . To extract NAD+, 2 x 106 cells ml' were lysed in 0.5 mM perchloric acid for 30 min at room temperature and neutralized with 0.33 M potassium phosphate, pH 7.5. After centrifugation the supernatants were frozen at -20°C overnight. For alkali extraction, the leucocytes (2 x 106 cells ml-') were lysed for 30 min at room temperature in 0.5 M potassium hydroxide in 50% (v/v) ethanol. The lysates were chilled and neutralized with 1 M potassium dihydrogen phosphate. After centrifugation the supematants were frozen at -20°C overnight. NAD+ and NADH were determined by an enzymatic cycling assay described by Jacobson and Jacobson (1976) . Briefly, 0.5 ml of either acid or alkali extraction media or NAD+ standard were added to a reaction mixture containing 0.4 M Bicine buffer, pH 7.8, in 3 M ethanol, 2.5 mm methyl thiazolyl tetrazolium (MTT), 5 mM phenazine ethosulphate (PES), 50 mM EDTA, pH 8.0, and 10 mg mll bovine serum albumin (BSA) and incubation 10 min at 30°C in the absence of light. The cycling assay was initiated by addition of alcohol dehydrogenase (ADH) and was terminated 30 min later by the addition of 12 mm iodoacetate. The absorbance was determined at 570 nm.
Cell permeabilization and PARP assay
Cell permeabilization was performed as described by Grube and Burkle (1992) . Briefly, leucocytes were harvested, resuspended and incubated for 15 min at a density of 2 x 106 cells ml' in icecold hypotonic permeabilization buffer containing 10 mm Tris-HCI, pH 7.8, 1 mM EDTA, 4 mM magnesium chloride and 30 mM 2-mercaptoethanol. Then cells were centrifuged at 200 g at 0°C for 10 min, and resuspended in ice-cold permeabilization buffer to 2 x 106 cells per 53 ,ul. Cells were kept at -80°C for a maximum of 7 days until the PARP assay. PARP activity was estimated by the rate of incorporation of radioactivity from [3H]adenine-NAD+ into acid-insoluble material in permeabilized cells. We have estimated the endogenous activity in the absence of any experimentally induced DNA strand breaks and the enzyme activity induced by the presence of DNA strand breaks generated by y-radiation (2 Gy). The assay of PARP activity in leucocytes was estimated by minor modifications of the method of Grube and Burkle (1992) . The optimization of the composition of reaction mixture and the optimal conditions of pH and time of incubation were performed according to the method described by Lechner and Braz (1985) .
We used 37 ,ul of 4x reaction mixture (75 mM Tris-HCl, pH 8.00, British Journal of Cancer (1998) 77(10), [1628] [1629] [1630] [1631] [1632] . The reactions were carried out for 7.5 min at 37°C and stopped by adding 1 ml of ice-cold 10% (w/v) trichloroacetic acid (TCA)/ 2% (w/v) sodium pyrophosphate. The acid-insoluble material was collected on Whatman GF/C glass-fibre filters, 0 25 mm, washed twice with 10% TCA / 2% sodium pyrophosphate, then washed twice with absolute ethanol and dried for radioactivity counting in a liquid scintillation spectrometer in 5 ml of Optiphase 'Hisafe', Wallac scintillation products.
Statistical analysis
We used the interaction between subjects and treatments to estimate the experimental errors. This estimate was used in correction with YATES algorithm to perform the ANOVA. Absence of PARP stimulation by radiation in FAP 1631 post-irradiation period in the presence of 3AB. Although these results are consistent with the participation of PARP in the repair of y-irradiated DNA, additional information has been reported concerning the enzyme activity and also the evaluation of substract levels with the measurement of intracellular NAD levels. In 1979, Skidmore et al (1979) studied the involvement of PARP in the NAD drop after y-irradiated mouse leukaemia cells. They observed that the PARP activity is maximal when the NAD level is decreasing. They could find the minimum NAD level 15 min after y-irradiation. Additionally, the activity of PARP in permeabilized cells after an effect of a dose up to 12 Krad of y-rays increases some three-to fourfold, and they proposed that PARP is responsible for the drop in the NAD level, supporting the importance of poly(ADP-ribose) in the cellular response to cytotoxic drugs. More recently, Satoh and Lindahl (1992) and Satoh et al (1993) described a human cell-free system to clarify the role of poly(ADP-ribose) synthesis in DNA repair. They observed that poly(ADP-ribose) was rapidly synthesized in the human cell extracts containing NAD+ and y-irradiated DNA. After a 10-30 min of incubation, the amount of poly(ADP-ribose) was at a maximum (Satoh and Lindahl, 1992; Satoh et al, 1993) .
RESULTS

Intracellular levels of NAD
As we have already demonstrated a significant increase (P < 0.01) in DNA strand breaks in the presence and in the absence of 3AB at a 30-min period after irradiation of human leucocytes, we performed this study in intracellular NAD levels and PARP activity comparing a group of patients genetically predisposed to colon cancer with a group of healthy volunteers. Our results support our previous results indicating an involvement of PARP in the recovery of DNA strand breaks induced by y-rays in human leucocytes. In fact, we observed a significant increase (P < 0.01) in intracellular NAD after 30 min post irradiation in the presence of 3AB ( Figure IA) . In the absence of 3AB, the intracellular NAD levels decrease 30 min after irradiation. The direct assay of enzyme activity in permeabilized cells has shown that enzyme activity increases after 30 min post irradiation with a dose of 2 Gy, giving a maximal twofold stimulation of the enzyme activity. This suggests a correlation between the drop in the intracellular NAD and the activity of PARP.
Additionally, in the present study, the PARP activity was shown to be stimulated by the effect of y-radiation in healthy volunteers but not in FAP patients' leucocytes. Two different methods have been used to assess a potential involvement of PARP on the repair of DNA damage induced by y-radiation. The results of intracellular NAD levels have shown a significant increase (P < 0.01) of pyridine nucleotides when we have inhibited the enzyme PARP by 3AB in irradiated and non-irradiated cells from healthy volunteers ( Figure  IA and Table 1 ). These results are consistent with the inhibition of poly(ADP-ribose) synthesis associated with the constitutive form of PARP activity (non-irradiated cells) and with the stimulation of PARP activity by y-rays. In fact, the effect of y-radiation results in a significant increase (P < 0.05) in the PARP activity ( Figure 1B) . These data agree with the requirement of DNA containing single-or double-strand breaks for the activation of poly(ADP-ribose) synthesis from NAD+ (Benjamin and Gill, 1980) . We did not observe this cellular response to y-rays in FAP patients' leucocytes. In contrast to normal leucocytes, the inhibition of PARP by 3AB does not increase NAD levels in cells from FAP patients ( Figure I A and Table 1 ). These results may be related to some defect for NAD+ consumption related to poly(ADPribose)polymerase synthesis in DNA repair in FAP patients.
Additionally, the metabolism of NAD may be altered in FAP cells as total NAD levels are lower in leucocytes from FAP patients than in cells from healthy individuals.
The estimation of PARP activity in cells from FAP patients has demonstrated that endogenous PARP activity in healthy volunteers and FAP cells is similar. However, we could not observe a stimulation of PARP activity by y-rays in FAP patients. An association between a deficient PARP response to hydrogen peroxide and conditions with colorectal cancer predisposition has been demonstrated previously in ulcerative colitis and in colorectal adenoma cases (Markowitz et al, 1988) .
It seems that the absence of activation of the enzyme by 7-rays in FAP patients may not depend on the frequency of induction of DNA breaks by 7-rays in FAP as our previous work does not reveal any difference in the induction of DNA strand breaks by y-radiation between healthy individuals and FAP patients (Bra's et al, 1995) .
Although our results should be regarded as preliminary, the differences observed in the activation of PARP by 7-rays may be important in correlating susceptibility to colon cancer and the involvement of PARP in DNA repair. Several reports indicate a role for defective DNA repair in the aetiology of human cancers (Cleaver, 1994; Kolodner, 1995; Griffin, 1996) . Recently, Bieche et al (1996) demonstrated a possible involvement of the PARP gene in the repair of human breast tumour cells.
Further studies on PARP, namely using the Western immunological assay of the amount of poly(ADP-ribose)polymerase protein in the samples, and the study of the PARP gene may help in the correlation and consolidation of our observations concerning the absence of PARP activation by 7-rays observed in FAP and the deficiency in the DNA break repair system contributing to colon cancer progression in familial adenomatous polyposis. ABBREVIATIONS PARP, poly(ADP-ribose)polymerase; NAD, nicotinamide adenine dinucleotide; FAP, familial adenomatous polyposis; APC, adenomatous polyposis coli
